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Abstract. Using a commercially available testos-
terone enzyme immunoassay (EIA), we developed
and validated an assay procedure for determining
testosterone levels in small-volume (20 mL) avian
plasma samples. We evaluated this EIA’s utility by
measuring plasma testosterone levels in Mourning
Doves (Zenaida macroura), White-eyed Vireos (Vireo
griseus), Red-eyed Vireos (Vireo olivaceus), and
Indigo Buntings (Passerina cyanea). Standard bio-
chemical validations (e.g., parallelism, recovery of
exogenous testosterone) demonstrated that the assay
accurately and precisely measured testosterone in
avian plasma. We compared plasma testosterone
levels in males and females of all four species and
Indigo Buntings in various reproductive stages to
physiologically validate the assay’s ability to de-
termine biologically important changes in testoster-
one levels. Plasma testosterone levels were higher in
males compared to females in three of four species.
Prebreeding and breeding male Indigo Buntings had
higher circulating testosterone levels than postbreed-
ing males. Testosterone levels in our study were
similar to reported values for other passerine species
using radioimmunoassay procedures. Our results
suggest that this EIA procedure is very effective for
determining testosterone levels in small-volume avian
plasma samples and is sensitive enough to detect
biologically important changes in the gonadal activ-
ity of birds. Thus, this assay has considerable utility
for measuring testosterone in small birds (,15 g),
from which only small volumes of plasma (20 mL)
can be collected.
Key words: Columbiformes, enzyme immunoassay,
Passeriformes, plasma, testosterone.
Uso de un Inmunoensayo Enzima´tico de
Testosterona Disponible Comercialmente
para Cuantificar la Testosterona en el Plasma
de las Aves
Resumen. Empleando un inmunoensayo enzima´-
tico de testosterona disponible comercialmente,
desarrollamos y validamos un procedimiento para
determinar los niveles de testosterona en volu´menes
pequen˜os (20 mL) de muestras de plasma de aves.
Evaluamos la utilidad de este procedimiento mid-
iendo los niveles plasma´ticos de testosterona en
Zenaida macroura, Vireo griseus, Vireo olivaceus y
Passerina cyanea. Validaciones bioquı´micas esta´ndar
(e.g., paralelismo, recuperacio´n de testosterona exo´-
gena) demostraron que el ensayo mide la testos-
terona plasma´tica con exactitud y precisio´n. Para
validar fisiolo´gicamente la habilidad del ensayo
para detectar cambios biolo´gicamente impor-
tantes en los niveles de testosterona, comparamos
los niveles plasma´ticos de testosterona entre machos
y hembras de las cuatro especies y entre
varios estadı´os reproductivos de P. cyanea. Los
niveles plasma´ticos de testosterona fueron
mayores en los machos que en las hembras en tres
de las cuatro especies. Los individuos pre-reproduc-
tivos y los machos reproductivos de P. cyanea
presentaron niveles circulantes de testosterona
mayores que los machos post-reproductivos. Los
niveles de testosterona documentados por nuestro
estudio fueron similares a los reportados para otras
especies de aves paserinas mediante radioinmunoen-
sayos. Nuestros resultados sugieren que el inmu-
noensayo enzima´tico de testosterona es un procedi-
miento muy efectivo para determinar los niveles de
testosterona en las aves a partir de muestras de
plasma de volumen pequen˜o, y que e´ste es lo
suficientemente sensible como para detectar cambios
biolo´gicamente importantes en la actividad de las
go´nadas de las aves. Por lo tanto, este ensayo
presenta una utilidad considerable para medir la
testosterona en aves pequen˜as (,15 g), para las
cuales so´lo pueden colectarse volu´menes pequen˜os
de plasma (20 mL).
Manuscript received 9 February 2006; accepted 17
August 2006.
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Testosterone is a steroid hormone that plays a signif-
icant role in the reproductive function of many
vertebrates, including birds (Hadley 1996). Circulat-
ing levels of testosterone affect territorial and mating
behaviors of male birds, including aggressive behav-
iors (Wingfield et al. 1987, Chandler et al. 1994),
production of song (Schwabl and Kriner 1991),
intensity of mate guarding (Saino and Møller 1995),
male parental care involvement (Lynn et al. 2005),
and male mating success (Silverin 1980, Ketterson et
al. 1996, Garamszegi et al. 2005).
Gonadal activity in birds is typically assessed by
measuring testosterone levels in blood. However,
obtaining the amount of blood necessary for
testosterone analysis is problematic in small birds.
Due to the small volume of blood samples, few
testosterone assays are available to quantify plasma
testosterone in small birds, particularly if serial
samples are required. A review of the recent avian
and endocrinology literature suggests that the most
commonly used assay to determine testosterone in
plasma is the one described by Wingfield and Farner
(1975). Although this assay is very effective for
determining plasma testosterone levels in small-
volume samples, the assay procedure is complex
and the radioimmunoassay (RIA) is not commercial-
ly produced. Radioimmunoassay procedures have
drawbacks, such as radioactive materials that require
special licenses to use, the need for specialized and
expensive detection equipment, and the production
of hazardous waste materials (Lee et al. 1995,
Graham et al. 2001). The development of simpler
enzyme immunoassay (EIA) procedures that use
commercially available EIA kits might provide an
alternative. Enzyme immunoassays do not require
radioactive materials and thus provide an economical
and often preferable alternative method for zoo and
field situations (Lee et al. 1995, Graham et al. 2001).
In this study, we report the biochemical and
physiological validation of a commercially available
testosterone EIA capable of utilizing small avian
plasma samples.
We compared plasma testosterone levels in males
and females of four bird species and Indigo Buntings
(Passerina cyanea) in various reproductive stages to
physiologically validate the assay’s ability to de-
termine biologically important changes in plasma
testosterone levels in birds. Our objectives were to:
(1) develop an enzyme immunoassay procedure using
a commercially available kit for determining testos-
terone levels from small-volume (20 mL) avian
plasma samples, and (2) validate the assay for use
in four avian species.
METHODS
STUDY AREAS AND SPECIES
We used the Mourning Dove (Zenaida macroura),
White-eyed Vireo (Vireo griseus), Red-eyed Vireo
(Vireo olivaceus), and Indigo Bunting (Passerina
cyanea) in our study. We captured Mourning Doves
using modified Kniffin traps (Reeves et al. 1968)
baited with white proso millet near Columbia,
Missouri (38u549N, 92u189W), in November 2001.
Within 2 hr of capture, we transported the Mourning
Doves to the University of Missouri’s T. S. Baskett
Wildlife Research and Education Center, located
near Ashland, Missouri (38u459N, 92u129W). Mourn-
ing Doves were individually housed in 1.8 3 1.8 3
1.8 m outdoor cages (Mong et al. 2002). We provided
a wild-bird seed mixture (sorghum grains, wheat,
crimped corn, oats, and sunflower seeds) and water
ad libitum. We collected blood samples from in-
dividually housed male and female after-hatching-
year (AHY) Mourning Doves during 07:00–09:00 on
12 July 2002.
We captured White-eyed Vireos, Red-eyed Vireos,
and Indigo Buntings in oak-hickory forests in the
Current River Conservation Area, Reynolds County,
southeastern Missouri (37u89N, 91u39W). We cap-
tured AHY postbreeding male and female White-
eyed and Red-eyed Vireos as they dispersed from
their breeding territories in forested areas from 06:00
to 12:00 CST during 17–24 July 2002. After-hatching-
year male and female Indigo Buntings were captured
using song playbacks and mist nets or by mist-netting
at their nests while they were provisioning nestlings
from 06:00 to 12:00 CST during May–August 2002.
BLOOD COLLECTION
We collected an initial blood sample (30–50 mL) from
each individual within 2–4 min of capture using
heparinized hematocrit microcapillary tubes after
puncture of the brachial vein using a 26-gauge
needle. We kept blood samples on ice for approxi-
mately 4–5 hr and then centrifuged them at 2500 g
for 10 min. Recovered plasma (volumes ranged from
12 to 35 mL) was transferred to microcentrifuge tubes
and stored at 284uC until assay.
ENZYME IMMUNOASSAY PROCEDURES AND
BIOCHEMICAL VALIDATION
We measured plasma testosterone concentrations in
each individual blood sample using a commercially
available salivary testosterone enzyme immunoassay
kit (Cat. #1-1402, Salimetrics LLC, State College,
Pennsylvania). We followed the manufacturer’s pro-
tocol for the EIA. All plasma samples were diluted
1:10 with assay dilutant (e.g., 15 mL of plasma into
135 mL of assay dilutant) for our assays. We
conducted standard validations including parallelism
and recovery of exogenous testosterone (Jeffcoate
1981, Grotjan and Keel 1996, O’Fegan 2000) on two
pooled plasma samples (low [i.e., expected lower
values] and high [i.e., expected higher values]; each
pool consisted of plasma from three individuals)
from each species to confirm the assay was accurately
and precisely measuring testosterone in avian plasma.
Parallelism ensures the assay maintains linearity
under dilution, and recovery of exogenous testoster-
one verifies accurate measurement throughout the
working range of the assay (Jeffcoate 1981).
STATISTICAL ANALYSES
We used Mann-Whitney U-tests to determine wheth-
er differences in plasma testosterone concentrations
existed between sexes for each species (Zar 1996). We
compared plasma testosterone levels of prebreeding,
breeding, and postbreeding male AHY Indigo Bunt-
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ings using a Kruskal-Wallis test and associated
means comparisons tests (Zar 1996). We used tests
for equal slopes (parallelism) to determine if log-
transformed curves of serially diluted low and high
pooled plasma samples from each species were
parallel to log-transformed testosterone standard
curves (Neter et al. 1990). We used SAS (SAS
Institute 1990) to perform all statistical analyses
and considered test results significant at P # 0.05.
RESULTS
ENZYME IMMUNOASSAY
BIOCHEMICAL VALIDATION
We successfully used the Salimetrics salivary testos-
terone EIA to quantify plasma testosterone in
Mourning Doves, White-eyed Vireos, Red-eyed
Vireos, and Indigo Buntings. Serial dilutions (1:1,
1:2, 1:4, 1:8, and 1:16) of two pooled plasma samples
from each species yielded displacement curves that
were parallel (test of equal slopes, all P . 0.16) to the
standard testosterone curve (Fig. 1). Mean recovery
of exogenous testosterone (range 5 23–144 pg mL21;
levels chosen to correspond with expected plasma
testosterone levels from actual samples) added to low
and high pooled plasma samples and average intra-
assay variation (n 5 10) are presented for each
species in Table 1. Acceptable recovery of exogenous
testosterone (within 90%–110%) and demonstration
of parallelism suggests that nothing in the plasma
interfered with the accuracy of the assay (i.e., no
sample matrix effects; Jeffcoate 1981, Grotjan and
FIGURE 1. Parallelism of plasma testosterone results for four bird species. Curves of percent binding of
horseradish peroxidase-labeled testosterone (%B Bo
21) versus serially diluted (log-transformed doses of 1:1,
1:2, 1:4, 1:8, and 1:16) low pool (expected lower values; n 5 2 per species) and high pool (expected higher
values; n 5 2 per species) plasma samples from free-ranging after-hatching-year (A) wild Mourning Doves in
captivity, (B) postbreeding White-eyed Vireos, (C) postbreeding Red-eyed Vireos, and (D) breeding Indigo
Buntings were parallel (test of equal slopes, all P . 0.16) to testosterone standard curves (log-transformed
doses of 3.7 to 360 pg mL21).
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Keel 1996, O’Fegan 2000). Interassay variation for
seven assays was 10.5%. The manufacturer’s cross-
reactivity of the testosterone antibody was 100% with
testosterone, 1.2% with androstenedione, and ,1%
for other steroids. The sensitivity of this assay was
15 pg mL21.
PHYSIOLOGICAL RESULTS
Plasma testosterone levels were higher in male
Mourning Doves (U 5 9.3, P , 0.001), Red-eyed
Vireos (U 5 6.1, P 5 0.01), and Indigo Buntings (U
5 11.7, P , 0.001) compared to females of the same
species and breeding status (Fig. 2). In contrast,
plasma testosterone levels of postbreeding male and
female White-eyed Vireos were similar (U 5 0.02, P
5 0.9; Fig. 2).
Plasma testosterone levels of male Indigo Buntings
varied relative to breeding status (H 5 4.4, df 5 2, P
5 0.03). Prebreeding and breeding male Indigo
Buntings had elevated plasma testosterone levels
compared to postbreeding males (Fig. 3).
DISCUSSION
Our findings suggest the Salimetrics salivary testos-
terone EIA used in this study is effective for
determining testosterone levels in small-volume
plasma samples of four bird species. The perfor-
mance characteristics (recovery of exogenous testos-
terone, intra- and interassay variation, parallelism) of
this assay verify that it is accurate, precise, demon-
strates linearity under dilution, and has an appropri-
ate range of sensitivity. Also, the plasma testosterone
values we obtained using the EIA procedure are
consistent with the ranges of testosterone levels
reported for over 100 species of birds, including
doves and passerines (Morton et al. 1990, Moore et
al. 2002, Garamszegi et al. 2005, Møller et al. 2005).
To our knowledge, plasma testosterone levels have
not previously been documented in Mourning Doves,
White-eyed Vireos, Red-eyed Vireos, or Indigo
Buntings, thus our findings provide valuable refer-
ence information.
The EIA procedure we developed is a viable option
for researchers interested in measuring testosterone in
avian blood samples. This assay is simpler, easier,
and requires less time in the laboratory than the
Wingfield and Farner (1975) assay because it does
not require extraction of testosterone from the
plasma samples prior to assay and the components
of the EIA are commercially available. In addition,
this procedure is useful for investigators who have
access to a laboratory with the appropriate equip-
ment (e.g., plate reader) but do not have access to
radioactive materials. The Wingfield and Farner
(1975) assay, however, is less expensive on a per-
sample basis compared to our assay procedure, and
may be advantageous for analyzing a large number of
samples.
Combined with a low-volume plasma corticoste-
rone assay procedure (Wingfield et al. 1992, Wash-
burn et al. 2002), researchers could use this assay to
measure testosterone and corticosterone from the
same individual’s small-volume (30 mL) blood sample
by dividing the sample and running two assay
procedures. Alternatively, researchers wishing to
obtain values for multiple steroids from the same
small-volume plasma sample could utilize an extrac-
tion method (e.g., cellulite column) to separate
steroids for assay either with our EIA method, the
Wingfield and Farner (1975) assay, or another assay
procedure that requires such an extraction process
(e.g., the EIA described and used with female Dark-
eyed Juncos [Junco hyemalis] by Clotfelter et al.
[2004]). In addition, Deviche and Cortez (2005)
validated an enzyme-linked immunosorbent assay
for male House Finches (Carpodacus mexicanus) that
could be useful for measuring testosterone in other
birds with proper validation.
TABLE 1. Quantitative recovery of exogenous testosterone and intra-assay coefficient of variation (CV) for
pooled plasma samples with low and high levels of endogenous testosterone from four avian species using the
Salimetrics salivary testosterone enzyme immunoassay (Cat. #1-1402). Exogenous testosterone was added to
six replicates from each pooled plasma sample. Average intra-assay CV was calculated from randomly chosen
samples (n 5 10).
Species and sample
Quantitative recovery
(Mean % 6 SE)
Intra-assay CV
(Mean % 6 SE)
Mourning Dove (Zenaida macroura)
Low pool 93.9 6 4.9 7.1 6 1.9
High pool 94.2 6 2.1 5.8 6 1.4
White-eyed Vireo (Vireo griseus)
Low pool 100.6 6 2.3 5.8 6 1.4
High pool 101.7 6 7.5 6.0 6 1.4
Red-eyed Vireo (Vireo olivaceus)
Low pool 102.6 6 4.9 7.3 6 2.1
High pool 91.2 6 2.2 5.9 6 1.1
Indigo Bunting (Passerina cyanea)
Low pool 92.8 6 3.2 7.6 6 1.4
High pool 95.5 6 3.4 7.3 6 2.0
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Breeding captive Mourning Doves (during the
normal breeding season), free-ranging postbreeding
Red-eyed Vireos, and free-ranging breeding male
Indigo Buntings had higher plasma testosterone
levels than females of the same species in this study.
Low levels of plasma testosterone in females were
expected and are consistent with other studies of
birds (Cristol and Johnsen 1994, Møller et al. 2005).
Numerous recent studies have shown that plasma
testosterone levels vary significantly with reproduc-
tive state in male birds (Deviche et al. 2000, Moore et
al. 2002). The testosterone levels and patterns we
observed are consistent with studies of other birds in
the same reproductive stage (Wingfield et al. 1987,
Morton et al. 1990, Deviche et al. 2000). Plasma
testosterone levels were elevated in males during
prebreeding and active breeding periods, reproduc-
tive stages when males exhibit aggressive behaviors
(e.g., territorial defense and mate guarding). Con-
versely, postbreeding males exhibited less aggressive
behaviors (e.g., parental care of fledglings) and had
baseline plasma testosterone levels that were similar
to those of females. The observed patterns of
testosterone levels (e.g., sex-related differences, re-
productive stage differences in males) measured by
the EIA procedure demonstrate the assay’s ability to
detect biologically important changes in plasma
testosterone in avian blood.
In summary, we validated an enzyme immunoas-
say procedure that is capable of determining testos-
terone levels in small-volume avian plasma samples.
We tested it on birds that vary in size (13 g to nearly
200 g), habitat use (grasslands to mature forests), and
migration strategy (with species that travel to the
Neotropics and those that winter in Missouri).
Biochemical and biological validations with these
species showed that this commercially available assay
is accurate, precise, and sensitive enough to detect
biologically important changes in the gonadal activ-
ity of birds during various reproductive stages. This
assay procedure has considerable utility for measur-
ing testosterone in avian species, including birds that
are very small (,15 g) and consequently have low
blood volumes. Prior to its use in other birds,
however, the assay must be validated for each new
species, due to potential variation in testosterone
levels and plasma chemistry among birds.
Financial and logistical support for this project
was provided by the University of Missouri (MU)
Division of Biological Sciences, the MU Department
of Fisheries and Wildlife Sciences, an MU Life
Science Mission Enhancement Postdoctoral Fellow-
ship, an MU Research Board Grant, and the
Missouri Department of Conservation (Resource
Science Division). Testosterone assays were con-
ducted in the Wildlife Stress Physiology Laboratory
in the MU Department of Fisheries and Wildlife
Sciences. This research was approved by the Univer-
sity of Missouri Animal Care and Use Committee
(Protocols #3570 and #3581).
FIGURE 2. Plasma testosterone levels (ng mL21)
of adult male and adult female free-ranging after-
hatching-year (A) wild Mourning Doves in captivity,
(B) postbreeding White-eyed Vireos, (C) postbreed-
ing Red-eyed Vireos, and (D) breeding Indigo
Buntings. Error bars represent 1 SE. There were six
birds (one AHY male and five AHY females) with
testosterone levels below the detection limit of the
assay. Plasma testosterone levels were higher in male
Mourning Doves, Red-eyed Vireos, and Indigo
Buntings compared to females of the same species
and breeding status, whereas postbreeding male and
female White-eyed Vireos had similar plasma
testosterone levels.
FIGURE 3. Plasma testosterone levels (ng mL21)
of prebreeding, breeding, and postbreeding male
after-hatching-year Indigo Buntings. Error bars
represent 1 SE. There was one postbreeding AHY
male with a testosterone level below the detection
limit of the assay. Prebreeding and breeding male
Indigo Buntings had elevated plasma testosterone
levels compared to postbreeding males.
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